Phospholipase D (PLD) is encoded by a multiple gene family, and several PLDs from Arabidopsis have been characterized at the molecular biological and biochemical levels. P L D a is the most abundant plant P L D and exhibits a number of different biochemical properties to the other isoforms. T h e other PLDs have many overlapping catalytic properties but display some unique patterns of expression during development and in response to stress cues. Accumulating data indicate that different PLDs have multiple and different roles in plant responses to stress.
Introduction
Membrane phospholipid hydrolysis occurs in response to various cellular and environmental cues. Such hydrolysis can be involved in many cellular processes through generating signal messengers, membrane remodelling and/or lipid degradation. Phospholipases are key enzymes catalysing the initial step in these processes, and phospholipase D (PLD) is the most prevalent family of phospholipases in plant tissues ([ 13 and references therein).
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P L D cleaves phospholipids, producing phosphatidic acid (PA) and a free head group such as choline. Recent 
Ca2+ requirements by PLDs
Ca" is an important cellular messenger, and its levels and patterns of oscillations in the cell change in response to various growth and stress cues. Activities of P L D from Arabidopsis show two different Ca2' requirements in vitro. T h e conventional plant P L D is most active at millimolar levels of Ca2+ (20-100 mM) [l] . T h e P L D a gene product has been shown conclusively to be responsible for the activity of the conventional PLD [6].
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T h e newly identified PLDs are most active at micromolar levels of Ca2'. T h e presence of such P L D activity was first documented in transgenic Arabidopsis, in which the expression of P L D a was suppressed by an antisense gene [6] . Subsequent cloning and analysis of PLDP and y have provided unequivocal, molecular evidence for these PLDs Significant progress has been made towards understanding the Ca2+ requirement of PLDs. Sequence analysis indicates that plant PLDs contain a Ca'+/phospholipid-binding fold, called the C2 domain, at the N-terminus. This domain is involved in Ca2+-regulated membrane association and protein-protein interactions. Recent binding studies have demonstrated that the C2 domains of P L D a and P bind Ca2+, and that this binding causes conformational changes of these proteins [8] . T h e P L D a and P C2 domains display distinct thermodynamics of the binding, with the PLDP C2 having a higher affinity for Ca2+. T h e Ca2+-binding properties of the C2 domain of P L D a and PLDP follow a trend similar to the Ca2+ requirements of the whole enzymes, PLDa and PLDP, for phosphatidylcholine (PC) hydrolysis. T h e results suggest that the C2 domains of P L D a and PLDP serve as handles by which Ca2+ differentially regulates the isoforms' activities.
In addition, the Ca2+ requirement by P L D a in vitro is strongly influenced by pH and substrate lipid composition [9] . P L D a is active at near physiological, micromolar Ca2+ concentrations when it is assayed at an acidic pH of 4.5-5.0 in the presence of mixed lipid vesicles. On the other hand, PLDP and y are most active around neutral pH, and their Ca" requirements are independent of pH. This pH effect could mean that P L D a is activated by acidification, which occurs under stress conditions, such as air pollution and wounding.
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Lipid regulation of PLDs
T h e activities of PLDs are regulated by membrane lipids and metabolites. PLDP and y are activated by phosphatidylinositol 4,s-bisphosphate (PIP,) and phosphatidylinositol 4-monophosphate, but not phosphatidylinositol (PI), whereas the need of PLDa for polyphosphoinositides (PPIs) is conditional, depending on the Ca2+ concentrations used in the assay [6, 9] . PLDs have been shown to bind PIP, [7] , which may occur at the C2 domain and another region outside of the C2 [8] . T h e need for a PIP, cofactor is a property shared by mammalian and yeast PLDs [lo] . Studies in animal systems also have found that activation of P L D is important for the synthesis of PIP,. In particular, PLD-derived PA is a potent stimulator of PI 5-kinase that synthesizes PIP,, which is the substrate for the signalling cascade of PPIphospholipase C and also is essential for membrane trafficking and cytoskeletal dynamics [lo] . PPIs are very minor plant lipids, whose levels are regulated dynamically in the cell [l 11. Thus, it is conceivable that the activation and function of P L D in plants are interconnected with the metabolism and signalling of PPIs and phospholipase C.
Activity of P L D a in vitro is inhibited by lysophospholipids, such as lysophosphatidylethanolamine (IysoPE) and lysoPI [12] . Recent results have shown that suppression of P L D a decreases wound-induced accumulation of jasmonic acid, indicating that activation of P L D a plays a role in controlling the wound-induced production of the defence-related hormone [ 131. Wounding activates P L D rapidly [14] , and the rise in PA occurs before that of lysophospholipids [15] . T h e activation of P L D might result in an increase in A-type phospholipases or non-specific acylhydrolases. This would provide linolenic acid for jasmonic acid synthesis, and, meanwhile, produce lysophospholipids that inhibit PLD as a feedback mechanism.
In addition, the substrate specificity and preferences of PLDs are modulated by lipids.
PLDa, P and y all utilize PC, PE and phosphatidylglycerol (PG) as substrates, but the reaction conditions required for PLDP and y are strikingly different from those for PLDa. PLDP and y , but not PLDa, require PE to constitute more than 50 mol()" of the total phospholipids for hydrolysis of PE, PC and P G [16] . PE is a non-lamellar lipid with the tendency to form an inverted hexagonal phase [17] . This could mean that these PLDs are stimulated by membrane curvature or stress. In addition, PLDP and y can use phosphatidylserine and N-acylphosphatidylethanolamine (NAPE) as substrates [16] . Although PLDP and y hydrolyse the same substrates, PLDy prefers ethanolaminecontaining lipids (PE and NAPE) to other lipids, but PLDP does not. None of the cloned PLDs characterized so far use PI, PIP, or cardiolipin as a substrate. In contrast, the Ca2+-independent P L D from Catharanthus roseus hydrolyses PI, but not PC, PE and P G [18] . A recent study of mammalian tissues showed several P L D isoforms that hydrolyse PPIs [19] . Such PLDs may have important regulatory functions, because PPIs are potent lipid messengers in various cell functions.
Lipids and Signalling: Phospholipase-mediated Pathways
These varied substrate preferences suggest that activation of different PLDs may result in selective hydrolysis of membrane phospholipids.
Expression of PLDs in response to stress
T h e involvement of P L D in stress responses has been indicated by several recent studies. In particular, strong evidence has been obtained for a role of P L D in the signalling and action of the stress-related hormone, abscisic acid (ABA). T h e expression of P L D a is up-regulated by ABA, as indicated by the increased levels of P L D a promoter activity, mRNA, protein and membraneassociated activity in response to ABA treatments [2] [3] [4] [5] 20, 21] . ABA increases P L D activity in barley aleurone protoplasts, and application of the P L D product PA to these cells suppressed the production of a-amylase [3] . In guard cells, ABA activates P L D , and PA triggers signalling events that lead to closure of the inward K+ channel and stomata1 aperture [4] . Suppression of P L D a in Arabidopsis renders plants less sensitive to ABA, as attested by the delay in ABA-promoted leaf senescence in PLDa-deficient plants [2] . T h e expression and activities of the other PLDs are not altered in the PLDa-abrogated plants [7, 13] , which also means that the other P L D members cannot compensate for the loss of PLDa. These results indicate that P L D a plays a crucial role in T o gain insights into the role of a specific P L D in a given stress response, changes in the transcript levels of P L D s have been monitored in Arabidopsis leaves challenged with different stress conditions [13] . T h e expression of P L D genes increases differently in wounded leaves (Figure 1 ).
T h e highest increases occur 30 min after wounding for PLDP mRNA and 60 min after wounding for PLDyl and y2 transcripts, whereas PLDa mRNA shows a slight increase 3 and 6 h after wounding, but no obvious change in the early phases of wounding. These results suggest that increased gene expression is involved in wound induction of PLDP and ys, but not PLDa, in the early phases of wound responses. On the other hand, PLDa is activated upon wounding by increased association of pre-existing enzyme with membranes. Such a pattern of changes for the four PLDs in response to wounding could mean that they occupy different steps in the wound signalling pathways. T h e intracellular translocation of P L D a constitutes an early step in stimulusinduced P L D activation, because no de novo synthesis of PLD mRNA and protein is required.
On the other hand, the increased expression of PLDP and y genes may provide PLDs for later phases of wound responses. T h e changes in wound-induced PA are consistent with this interpretation. Suppression of PLDa only partially blocks wound-induced PA production, and the
Figure 2
Stress-altered expression of PLDa, P and y l in
Arabidopsis leaves
Detached leaves were placed on moist filter papers with various stresson or no treatment and incubated for 20 h in closed dishes. Then RNA was extracted from the leaves and hybridized with PLD isofom-specific probes. MJ, methyl jasrnonate; SA, salicylic acid; MeSA, methyl salicylic acid.
e -P L D y 20 h after treatment differences in wound-induced PA levels between PLDa-deficient and wild-type leaves are greater in the early than in the later phases of wounding T h e different patterns of expression of PLDs occur also in Arabidopsis exposed to other stress cues (Figure 2 ). For example, after treatment of detached leaves for 20 h, methyl jasmonate significantly increases the expression of PLDP, but not of P L D a or y l . Cold stress increases the expression of P L D a , but not PLDP or y , implying a role of P L D a in plant responses to low-temperature stress. T h e expression of PLDy increases more than that of the other two PLDs in CdC1,-treated leaves, whereas treatment with AlCl, induces more transcripts of PLDP than of P L D a and y. On the other hand, treatments with NaCl and mannitol enhance the expression of all three PLDs. In addition, the PLDs give distinct temporal responses for a given stressor. Expression of PLDP increases earlier than PLDy after salt and osmotic stresses. Conversely, the induction of PLDy occurs earlier than that of PLDP after exposure of leaves to heavy metal and oxidative stresses such as cadmium and H,O, (results not shown). These patterns of expression imply that some PLDs may be involved in earlier (e.g. signalling and adaptation?) and the others in later (e.g. degradation ?) cellular responses to a specific stress.
T h e increases in P L D expression and activity can lead to generation of various lipid messengers, PA, N-acylethanolamine, lysoPA, diacylglycerol, non-esterified fatty acids and oxylipins [1, 22] . T h e production of such diverse messengers may be involved in transducing stress signals and modulating the production and action of stress-related hormones, ABA, ethylene and oxylipins. Activation of P L D can also regulate cellular functions through altering physical properties of a membrane and rapid lipid remodelling. Additionally, increases in P L D activity have the potential to promote membrane degradation in stress injury and senescence [l] . Whether the action of P L D increases or decreases plant stress tolerance probably depends on the nature and severity of the stress. T h e results described above indicate that specific isoforms must be studied to answer many questions about the cellular roles of PLD. Many tools, such as PLD-gene-specific probes, isoform-specific antibodies, purified P L D iso-~3 1 .
forms and PLD-altered transgenic plants, have been developed to further the investigation. Significant advances are anticipated regarding the physiological roles of the P L D family and lipid hydrolysis in plants.
